The performance of a system for simultaneous air conditioning and domestic hot water heating is estimated numerically in this study. The system consists of air cycle refrigerator, desiccant rotor, evaporative cooler and heat recovery heat exchanger. The system uses air and water which are natural and safe substances. The system can supply air at low temperature and humidity. Also, it is easy to control the humidity of supply air by using evaporative cooling process before supplying air to the conditioning area. A recovery of exhausted heat from the desiccant rotor significantly decreasing not only the consumption of primary energy for heating domestic hot water but also the calefaction to the surroundings due to the rejection of heat. The system can supply hot water at a significant high temperature. The proposed system coefficient of performance is greater than the coefficient of performance of conventional system composed from vapor compression cycle and gas heater.
Introduction
In the 19th Century air cycle refrigerator was produced, this cycle used air as a refrigerant which is compressed by a mechanical power so its temperature and pressure increase then the air is cooled and expanded through a turbine to a low temperature which making the cooling effect of the cycle. But after the appearing of vapor compression cycle machines using ammonia or CFC (chloro fluoro carbon) as a refrigerant replaced most air cycle systems because of its superior thermodynamic efficiency.
But, in recent years, due to the destroyed effect of CFC on ozone layer environmentally friendly air cycle has been reinvestigated.
The air cycle refrigerator utilized air as refrigerant. The system energy efficiency is lower than that of a vapor compression type refrigerating machine having a phase change process. Therefore, the air cycle refrigerator was only used in a field where refrigerating capacity and temperature condition were restricted [1] [2] [3] . The system, however, exhausts relatively high temperature heats. It was numerically clarified that if the existed heat would be utilized effectively, the system performance including this refrigerator would increase [4] .
Recently, desiccant cooling systems receive considerable attention as an effective technology in utilizing waste heat. Such systems can be operated with waste heat source temperature below 150 o C. Reviews on the desiccant systems have been performed [5, 6] , and a vast number of works such as performance analyses and experimental studies of dehumidification rotor [7, 8] have been done.
The performance of air cycle refrigerator combined with desiccant rotor was studied in air conditioning application [9] . It has already shown a good enhancement in the performance of air cycle.
In this study, the performance of the air cycle refrigerator integrated desiccant system is investigated. The conditioned air is dehumidified by using desiccant rotor which regenerated by the exhausted heat from the air cycle. After that, the dehumidified air is cooled by the cooling effect of the air cycle. Also, the heat exhausted with the desorbed air is recovered to heat a tap water for domestic hot water usage. The air conditioning coefficient of performance (COPac), heating water coefficient of performance (COPh), the total coefficient of performance (COPt), the air cycle outlet air conditions (T5, x5) and the outlet hot water temperature (T wo ) are calculated at different values of regeneration temperature and outdoor air ratio. Also, the effect of outdoor air conditions and the rotor characteristics on the system performance is evaluated. 
Nomenclature

Performance evaluation
System composition
The structure of the air cycle refrigerator driving desiccant air conditioning system is shown in Fig. 1 . The system is composed of air cycle refrigerator and desiccant rotor. Waste heat of high temperature from the air cycle refrigerator is utilized for regenerating a desiccant rotor, and cold energy is supplied to a dehumidified air which passes through Evaporative cooler to control its humidity before supplied to the conditioning space. Also by using heat exchanger, the heat exhausted with the desorbed air is recovered to heat a tap water for domestic hot water usage.
Analysis model and method
Air cycle refrigerator
The air temperature of each point in the air cycle is calculated by assuming the isentropic efficiencies of compression and expansion processes and the temperature efficiency ratio as the following: 
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Where T3s and T5s are the theoretical outlet temperatures from the compressor and turbine respectively for isentropic compression and expansion.
In this calculation, the heat capacities of water and air are assumed the same. Fig. 2 shows a cross section view of a desiccant rotor element [10] , which is honeycomb body. It is composed of a porous material sheet impregnated with adsorbent. Therefore, heat and mass are transferred simultaneously in the each cylindrical path. For simplicity of this element in this study, the element is treated as a flat plate divided into airflow path and adsorbent bed.
Rotor performance
Analysis of heat and mass transfers in the axis of air flow is performed, as shown in Fig.  3 . The path in the axis of air flow is divided into some small elements. In the element, heat and mass transfers between air and adsorbent bed are treated, based on the following assumptions; (1) Pressure and air mass flow rate are constant. Governing equations are composed of mass conservation in the airflow path and the adsorbent bed, adsorption rate, energy conservation in the airflow path and the adsorbent bed. Heat and mass transfer coefficients between air and adsorbent bed, adsorption equilibrium and heat of adsorption are considered.
Mass conservation in the airflow path is given by the following equation, Mass conservation in the adsorbent bed is given by the following equation Where k b is an equivalent mass transfer coefficient of adsorption bed. It is derived from experiment and calculation of the adsorbing and desorbing water vapor in a sheet of adsorbent bed [11] .
In this system, it is assumed that the rotor is composed of silica gel A-type adsorbent So adsorption equilibrium is given by the following equation [12] ,
Where p a is partial pressure of water vapor in the airflow path, p sat is saturate pressure of water at the adsorbent bed temperature. Form of eq. (9) is different depending on the kind of adsorbent, and then it is shown later. The relation between humidity and partial pressure of water vapor is given by equation derived from the humid air treated as an ideal mixture gas of water vapor and dry air. 
Where q s is heat flux between air and adsorbent bed. It is given by the following equation,
Where α is coefficient of heat transfer between air and adsorbent bed. In a laminar flow, it is given by following equation that is derived from heat transfer on a flat plate [13] ; In a turbulent flow, it is given by following equation that is derived from heat transfer in a cylindrical tube [13] . Energy conservation in the adsorbent bed is given by :
Where c pb is apparent specific heat of adsorbent bed adsorbing water. q h is heat of adsorption.
Apparent specific heat of adsorbent bed is given as: Calculations are performed on each element along with a direction of airflow path. Next, calculations of a whole rotor are performed with the following method. A whole rotor is divided into small elements in the direction of rotation. An element is calculated during the rounding through the adsorption and desorption. Inside of an element, above-mentioned calculations in the direction of airflow are performed. This rounding calculation is continued reaching a steady state of the rotor. Counter airflow is considered between adsorption and desorption zone. Inlet air conditions of each zone are constant. Averaged outlet air temperature and humidity of each zone are calculated.
Total and system coefficients of performance
Total and system coefficients of performance are calculated as follows: 
Calculation conditions
The input data on the calculations listed in Table 1 are room air temperature and humidity, isentropic efficiencies of turbine and compressor, effectiveness of heat exchangers, inlet water temperature and the rotor characteristics. The adsorption and desorption air mass flow rates are the same. 
Result and discussion
The system performance is calculated for different values for outdoor air ratio (R o = mass of outdoor air/mass of supply air) and regeneration temperature (T8). Also, the effect of outdoor air conditions and the rotor parameters on the system performance are evaluated.
The effect of regeneration temperature
The values of COPac, COPh, COPt, T5, x5 and outlet water temperature are estimated at different values of regeneration temperature T8 and R o in Fig. 4 .
For the same value of R o , the values of both T5 and x5 decrease by increasing regeneration temperature T8. On the other hand, outlet water temperature significantly increases by increasing T8. Also from these results, COPac decreases from 1.51 to 1.18, COPh decreases from 2.12 to 1.54 and COPt decreases from 3.63 to 2.72 by increasing regeneration temperature from 70 o C to 140 o C. So the air cycle can work under a range of regeneration temperature from 70 o C to 140 o C with only a change in COPt by about 25%; this is due to regeneration nature of the air cycle.
For the same value of T8, x5 increases by increasing outdoor air ratio R o , the reason behind that increasing R o increases the humidity of adsorption air exit to the desiccant rotor air. Also from these results outlet water temperature slightly decreases by increasing outdoor air ratio R o due to the increase in humidity transfer through the rotor which decreases desorption air temperature. T5 is nearly the same. Also from these results, COPac, COPh and COPt slightly decrease by increasing R o . Finally the heat recovery from conditioned space exhaust air causes a little change in COPac for different values of R o .
The effect of outdoor air conditions
The effect of outdoor air temperature T o and relative humidity RH o on the system performance is shown in Fig. 5 . At the same outdoor air temperature by increasing RH o , COPac, COPh, COPt and outlet water temperature slightly decrease but T5 slightly increases. Also by increasing RH o , x5 significantly increases.
At the same outdoor air relative humidity RH o , COPac, COPh, COPt and outlet water temperature slightly decreases by increasing T o . On the other hand, x5 increases by increasing T o . The reason behind this trend of performance is, increasing both outdoor air temperature and outdoor humidity decreases the potential of desiccant rotor to remove the humidity so x5 significantly increases. But due to the heat recovery, the system coefficients of performance have a little change. 
The effect of rotor parameters on the system performance 3.5.1 The effect of rotor length
The effect of rotor length on the system performance is shown in Fig. 6 . From this figure, by increasing the rotor length, x5 and outlet water temperature decrease. On the other hand, T5 slightly increases. Also from these results, COPac, COPh and COPt are nearly the same for different values of rotor length. The reason behind that is, by increasing the rotor length, there are two conflicting effects. First, the adsorption capacity of desiccant rotor increases which enhances the rotor performance which decreases x5. Second, the heat capacity of rotor increases which increases the adsorption air temperature exit from the desiccant rotor so the air cycle will consume less horsepower to give constant regeneration temperature. On the other hand decreasing the desorption air temperature decreases the outlet water temperature T wo . Fig.7 shows the effect of adsorption air velocity through the rotor on the system performance. T5 decreases by increasing the velocity but outlet water temperature increases. x5 decreases by increasing the adsorption air velocity to a certain value and after that increasing by increasing the adsorption air velocity. All coefficients of performance of the system slightly increase by increasing the adsorption air velocity. The reason behind that is, by increasing the adsorption air velocity, there are two conflicting effects. First, the ratio between mass of air and mass of desiccant rotor increases which increases x5. Second, the heat transfer coefficient increases which increases the desorbed air temperature and decreases the adsorbed air temperature so the rotor adsorption and desorption capacities increase. 
The effect of adsorption air velocity
The effect of rotor rotation speed
The effect of rotor rotation speed on the system performance is shown in Fig. 8 . T5 increases by increasing the rotating speed but outlet water temperature decreases. x5 decreases by increasing the rotating speed to a certain value and after that increases by increasing the rotating speed. All coefficients of performance of the system nearly the same for different values of rotation speed. Also from these results there is an optimum rotation speed the reason behind that the rotation speed should be low enough for complete regeneration or rapid cooling of the rotor but enough to keep the adsorbent far from equilibrium. The result of these conflicting effects yields the optimum rotation speed. 
Comparison between the present system and the conventional system
The proposed system is compared with a conventional system consists of vapor compression cycle to give the same cooling effect and gas heater to give the same heating effect. The layout of this system is shown in Fig. 9 . Refrigerant used in the vapor compression cycle is R134a, the compression process is adiabatic with isentropic efficiency equals to 75%, the difference between condenser temperature and outdoor air temperature is 10 o C and the difference between evaporator temperature and the process air minimum temperature is 5 o C. Refrigerant enters the expansion device as saturated liquid and saturated vapor at the exit of the evaporator. The supply air leaves the cooling coil on saturated state and the gas heater efficiency is 75%. The performance of the conventional system is estimated as the following: Where h11, h12, h13 and h14 are the enthalpies of R134a according to Fig. 9 . Fig. 10 shows the coefficient of performance of both systems at different T o and R o . From these results the COP of the present system is higher than those of the conventional one, and by increasing the R o , the difference between them increases. Also from this figure, by increasing T o , the difference between COP of the air cycle and COP of the conventional system increases.
Conclusion
The proposed an air cycle refrigerator driving desiccant system for air conditioning and domestic hot water heating is studied. The system can supply air at low temperature and humidity, decreasing the flow rate of supply air which reduces the fan horsepower. Also, it is easy to control the humidity of supply air by using evaporative cooler before supplying to the conditioning area. A recovery of exhausted heat from the desiccant rotor significantly decreases not only the consumption of primary energy for heating domestic hot water but also the calefaction to the surroundings due to the rejection of heat. The system can supply hot water at a significant high temperature. The proposed system coefficient of performance is greater than the coefficient of performance of conventional system composed from vapor compression cycle and gas heater. Conventional system Air cycle system
